We report the results of an investigation into the ability of transitional probability (word-to-word contingency statistics) to account for reading behaviour. Using a corpus of eye movements recorded during the reading of newspaper text, we demonstrate both the forward [P ðnjn À 1Þ] and backward [P ðnjn þ 1Þ] transitional probability measures to be predictive of first fixation and gaze durations: the higher the transitional probability, the shorter the fixation time. Initial fixation position was also affected by the forward measure; we observed a small rightward shift for words that were highly predictable from the preceding word. Although transitional probability is sensitive to word class, with function words being generally more predictable from their context than content words, the measures accounted equally well for the data for both classes.
Introduction
The predictability of an element of language, such as a word, from the linguistic context in which it appears, has a major impact on its relative ease or difficulty of processing (e.g., Altarriba, Kroll, Sholl, & Rayner, 1996; Stanovich & West, 1983) . Although it is well-established that contextual predictability can influence eye movement behaviour during reading, the source and temporal locus of this influence are not yet clear. Several studies have shown that manipulations of Ôhigh-levelÕ contextual constraint (i.e., requiring the integration of the meanings of individual words in the context) influence ÔlateÕ processing measures, such as second-pass reading time and the probability of making a regression (e.g., Calvo & Meseguer, 2002; Rayner & Well, 1996) . However, the evidence for predictability effects on ÔearlyÕ processing measures, such as the duration of the initial fixation made on a word, is mixed, with some studies reporting positive results (Binder, Pollatsek, & Rayner, 1999) , and others failing to observe a reliable influence (Altarriba et al., 1996; Balota, Pollatsek, & Rayner, 1985; Drieghe, Brysbaert, Desmet, & De Baecke, in press; Rayner & Well, 1996) .
Experimental manipulations of contextual constraint/ predictability have been shown to affect both the where and when components of eye movement control. Whether or not a given word was directly fixated (a where decision) is a good indicator of early influences on the where component. Predictable words are more likely to be skipped than less predictable words (e.g., Brysbaert & Vitu, 1998; Drieghe et al., in press; Ehrlich & Rayner, 1981; Rayner & Well, 1996) . However, the ability of predictability to affect a saccadeÕs landing position within a word is controversial (see Lavigne, Vitu, & dÕYdewalle, 2000; Rayner, Binder, Ashby, & Pollatsek, 2001) . Evidence for late influences on the where component is provided by analyses of regressive eye movements: predictable words are regressed to less often than less predictable words (Calvo & Meseguer, 2002; Rayner & Well, 1996) . The when component of eye guidance is also clearly affected by predictability, with effects reported using a variety of processing measures. For example, predictability has been found to influence ÔearlyÕ measures such as first fixation duration (Binder et al., 1999; Morris, 1994) , ÔmidÕ measures such as gaze duration (e.g., Balota et al., 1985; Binder et al., 1999; Rayner & Well, 1996) , and ÔlateÕ measures such as second-pass and total reading time (Calvo & Meseguer, 2002; Rayner & Well, 1996) , and the likelihood of making a regression (Calvo & Meseguer, 2002) . Accordingly, there is little evidence that the locus of the effects of predictability--at least when operationalised using the Cloze procedure (see below)--is restricted to a particular segment of the time course of processing.
In this paper, we investigate the potential influence on early processing during reading of a simple source of predictability: the transitional probability of a pair of words, as computed from the British National Corpus (Burnage & Dunlop, 1992) . Probabilistic information of this sort is conceivably available from oneÕs reading experience, and it represents a computationally inexpensive source of linguistic knowledge that could be exploited by the language processor in reading. We propose that at least some portion of the variance in eye movement behaviour can be explained by word-to-word contingency statistics.
1 Using a corpus of eye movement data collected while subjects read passages of text, we explored the effects of transitional probability on fixation duration and skipping probability measures.
Measuring predictability
An established technique for measuring contextual predictability is the Cloze task (Taylor, 1953) . In the most popular version of the procedure, subjects are presented with a set of incomplete sentences and are asked to supply the word that best completes each sentence. The proportion of subjects producing a particular response for a given sentence fragment is then calculated, and this quantity is considered as an estimate of the predictability of the completion word given the preceding sentence context. Typically large manipulations of Cloze probability are required in order to observe reliable effects on eye movement variables such as gaze duration and skipping rate (Hyona, 1993) , with reported high-/low-predictability condition contrasts of 0.64/0.01 (Binder et al., 1999) , 0.78/0.01 (Rayner et al., 2001 , Experiment 2), and 0.41/0.04 (Rayner & Well, 1996) . Using a regression analysis design and items that varied in Cloze probability from 0 to 0.96, Calvo and Meseguer (2002) found that a wordÕs Cloze value was a unique predictor only of ÔlateÕ processing measures such as second-pass reading time and the number of regressions made to the word.
Transitional probabilities
An alternative approach to assessing the predictability of a word in context is to make use of corpus data. For instance, we can determine that on is highly predictable given the occurrence of rely simply by comparing the number of times the sequence rely on occurs in the corpus to the number of times that rely is followed by a different word. This view of predictability--transitional probability--does not require human judgements such as those obtained in the Cloze procedure, and so predictability can in principle be quantified for any word in the lexicon occurring in a particular context. We refer to corpus-derived transitional probability as a measure of Ôlow-levelÕ predictability because no Ôhigh-levelÕ conceptual knowledge about word and context meaning (which is likely a major determinant of subjectsÕ performance in the Cloze task) contributes to the measurement. In this respect, our work is complementary to other investigations of low-level determinants of eye movement behaviour, such as the statistical structure of the lexicon (e.g., Clark & OÕRegan, 1999; Legge, Klitz, & Tjan, 1997) and the anatomical properties of the visual system (Shillcock, Ellison, & Monaghan, 2000) .
We investigate two different ways of defining the transitional (or bigram) probability between two words, which we refer to as the ÔforwardÕ and ÔbackwardÕ transitional probabilities. The conventional ÔforwardÕ definition P ðnjn À 1Þ captures the predictability (or dependence) of a particular word from the immediately preceding word. This type of statistical knowledge is fundamental to the success of many language engineering applications concerned with automatic speech recognition, natural language understanding, generation and translation (e.g., Jelinek, Mercer, & Roukos, 1992) . Statistical learning, specifically of the transitional probabilities between phonemes, has been proposed as a mechanism for the task of word segmentation during language development (Cairns, Shillcock, Chater, & Levy, 1997; Saffran, Aslin, & Newport, 1996) . The ÔbackwardÕ transitional probability P ðnjn þ 1Þ, which measures the statistical dependence of a word on the immediately following word, has less utility in natural language processing tasks. However, Jurafsky, Bell, Gregory, and Raymond (2001) analysed a corpus of spontaneous speech using multiple regression analysis, and report P ðnjn þ 1Þ to be a significant predictor of certain phonological aspects of language production behaviour, such as the likelihood of vowel reduction and the duration of the word produced.
Transitional probabilities are estimated from the relative frequency information present in a large text 1 An early precedent for our research is provided by Morton (1964) , who investigated the influence of statistical contingencies on oral reading speed and eye movements. He compared various Markov orders of approximation to English, where a zero-order approximation is realised as a random list of words, and a first-order approximation reflects between-word sequential probabilities (i.e., transitional probabilities). Morton found that reading rate was faster and average fixation duration was shorter for the first-order compared with the zero-order approximation.
corpus and are typically adjusted using statistical smoothing techniques in order to deal with sparse data--those words and word sequences that do not occur in the corpus but for which an estimate is required. The basic formulations of the two measures are simple ratios of joint and marginal frequencies:
Forward transitional probability
Backward transitional probability
2. Methods
Corpus collection
We assembled a corpus consisting of excerpts from 10 articles selected from contemporary editions of Scottish and UK national broadsheet newspapers. Our goal was to give participants a representative sample of newspaper content to read; articles were therefore chosen to cover a wide range of topics. Article excerpts were slightly edited and formatted into double-spaced, leftjustified pages of a maximum of 65 characters in width; each page consisted of not more than 10 double-spaced lines of text. Excerpts varied in length from 97 to 405 words, filling between one and four pages of display. The total length of the corpus was 2262 words, which occupied 23 display pages.
Twenty-three young adult participants, all native speakers of British English with uncorrected normal vision, each read the entire corpus of 10 excerpts while their eye movements were recorded. Participants were randomly assigned to one of three versions of the corpus; each version contained a different random order of article presentation.
Subjects were seated at a viewing distance of approximately 75 cm from a 15 in. RM VGA monitor. Stimuli were displayed in a monospaced font as light cyan characters on a black background. One character subtended 0.26°of visual angle. Eye movements were recorded from the right eye using a Fourward Technologies Generation 6.3 Dual Purkinje Image eyetracker. The eyetracker has a resolution of less than 1 min of visual arc. In order to minimise subjectsÕ head movements, a bite-bar and forehead rest were employed. Verbal instructions were provided to the subject while setting up and positioning the eyetracker. Once the subject was suitably seated, the instrument was calibrated and calibration was checked by asking the subject to fixate on a pattern of small squares distributed throughout the display area. Once calibration was achieved to the operatorÕs satisfaction, a screen of instructions was presented, in order to familiarise the subject with the procedure.
After the subject had finished reading each screen of text, a pattern of fixation squares was displayed in order that the experimenter could check the calibration accuracy, and re-calibrate if necessary. A yes-no comprehension question followed the end of each article to which the subject was required to respond using a button box; the message ''ERROR'' was displayed if the question was answered incorrectly.
Data selection
For the analyses presented below, the eyetracking data had to meet a number of criteria in order to be included. First, for the measures first fixation duration (FirstF), gaze duration (Gaze), and the probability of skipping (SkipP), the dataset was restricted as follows. The first fixation on every line, as well as any regressive fixations immediately following this fixation were disregarded, as they are most likely corrective saccades triggered when the return sweep falls short of the beginning of the line (Hofmeister, Heller, & Radach, 1999) . All data associated with words preceded or followed by punctuation, as well as the first and last word of every line of text, were also excluded from consideration. Finally, all cases with missing data due to a blink or other signal irregularity were eliminated. After these constraints were applied, the data record consisted of 31,242 cases. For the initial landing position measure (LandPos), these constraints were relaxed slightly to include words followed by punctuation (Hill & Murray (2001) found no effect of following punctuation on this variable), and data for fixations falling on the last word of every line were retained.
Results
All data points in the figures represent values (e.g., mean durations or proportions) computed by aggregating the data from all 23 participants. However, all inferential statistical analyses were conducted treating subjects as a random effect, in order to partition between-subject variance from within-subject variance. Below, we present the results of testing our predictions about the influence of lexical statistics on a selection of eye movement variables.
2 The primary statistical technique employed was multiple linear regression analysis.
Regression techniques for repeated measures data were conducted as recommended by Lorch and Myers (1990, Method 3) . For several of the analyses below, the dataset was partitioned in order to simulate the orthogonal manipulation of certain variables; in these instances conventional analysis of variance (ANOVA) methods were employed. All word frequency and transitional probability measures were first (natural) logarithmically transformed.
Global characteristics of the dataset
Before exploring the effects of transitional probability on reading behaviour, we present a global summary of our eye movement dataset. First, 44.3% of the words were skipped during first-pass 3 reading. The mean gaze duration was 266 ms, and the average duration of an individual fixation was 241 ms. The overall likelihood of refixation (the likelihood of making an additional fixation(s) on a word, given that it was fixated at least once) during first-pass reading was 0.093. Considering only saccades launched from and landing on the same line of text, the mean progressive saccade size was 8.58 character spaces. The overall regression probability (returning from a later position in the text to the target word, regardless of whether it was fixated previously) was 0.082. These global characteristics of our dataset are closely comparable to those reported for other text reading studies (e.g., Vitu & McConkie, 2000; Vitu, McConkie, Kerr, & OÕRegan, 2001) .
Of the 2262 words in the corpus, 52.6% were function (or closed-class) words. Category membership was determined using the word class information available in the CELEX lexical database (Baayen, Piepenbrock, & Gulikers, 1995) . Fig. 1 displays the relative token frequencies for each class, partitioned by word length. Function words comprised the majority of the short (1-4 letter) words. Function words differed substantially from content words with respect to skipping rate (63.0% compared to 21.5%), gaze duration (246 vs. 277 ms), refixation likelihood (0.040 vs. 0.125), but not regression probability (0.083 vs. 0.080).
Forward transitional probability P ðnjn À 1Þ
The transitional probabilities P ðnjn À 1Þ were computed for every word pair in the newspaper corpus using the CMU-Cambridge statistical language modelling toolkit (Clarkson & Rosenfeld, 1997) in conjunction with the 100-million word British National Corpus (BNC). In order to provide probability estimates for word pairs that did not occur in the BNC, the softwareÕs Good-Turing smoothing option was employed. This technique re-distributes some of the probability mass for more common events to infrequent and unseen events. For words following punctuation marks, a back-off strategy replaced P ðnjn À 1Þ with the wordÕs unigram probability P ðnÞ. Fig. 2 displays the frequency histogram of the FTP values for all word pairs in the 2262 word corpus. Log-transformed transitional probabilities for our dataset (see above) ranged from )18.61 to )0.10 (M ¼ À5:63, SD ¼ 3:24). An example pair from the top end of the range is undivided attention with a forward transitional probability (FTP) of 0.4068 ()0.899 in natural log units). We can contrast this situation, where attention is quite predictable given undivided, with the pair limited attention, which has a low-FTP value of 0.0011 ()6.853 in log units).
The goal of the first set of multiple regression analyses was to determine if transitional probability was a significant predictor of reading behaviour when the effects of other factors were held constant. For instance, word frequency is naturally highly intercorrelated with transitional probability (r ¼ 0:814 for the current dataset), and it is necessary to assess their independent predictive power. Word length (e.g., Just & Carpenter, 1980) and launch distance (Brysbaert & Vitu, 1998; Vitu et al., 2001) are also important determinants of eye movement behaviour. In all of the regression analyses reported below, the initial variables entered were subjects (dummycoded), word length (WL) and launch distance (LD).
First fixation duration
After the initial phase of the regression analysis, subjects, word length and launch distance explained a total of 12.3% of the FirstF variance (WL and LD uniquely accounted for 1.2% and 1.4% of the variance, respectively). After removing variance due to these three variables, a simultaneous multiple regression revealed both frequency and FTP as significant independent predictors of first fixation duration: b ¼ À0:074, F ð1; 22Þ ¼ 27:88, p < 0:001; b ¼ À0:076, F ð1; 22Þ ¼ 34:65, p < 0:001, respectively. The negative slope coefficients indicate that FirstF tends to increase as either frequency or FTP decreases. The higher the FTP value, the shorter the duration of the initial fixation. Controlling for the other variables in the equation, first fixation duration increased 1.9 ms for every log unit decrease in FTP.
Because of their high intercorrelation, frequency and FTP compete for variance in the regression analysis, so it useful to provide the relevant figures when only one of the two was included in the regression. With FTP excluded, frequency explained 0.67% of the FirstF variance (b ¼ À0:123, F ð1; 22Þ ¼ 117:00, p < 0:001). When frequency was excluded, FTP accounted for 0.74% of the variance (b ¼ À0:112, F ð1; 22Þ ¼ 143:43, p < 0:001). Although the amount of the total variance in the current dataset explained by FTP is very small, in related work using pairs of length and frequency-matched words embedded in sentence materials, we found a reliable 11 ms FTP effect (McDonald & Shillcock, in press ).
We next sought to determine if there was any dependence of the FTP effect on launch distance. If predictability effects are conditional on the availability of parafoveal visual information about the identity of word n on the previous fixation, then we should observe larger FTP effects for near compared with far launch distances (all else being equal), because parafoveal preview is more viable the closer the previous fixation. To answer this question, we first partitioned the first fixation data into seven launch distance bins, and then conducted separate multiple regression analyses for each bin. After partialling out the effects of subjects, word length and word frequency, the forward transitional probability measure explained a significant amount of variance for the closest four launch distance bins only: [8, 7] , b ¼ À0:084, F ð1; 22Þ ¼ 17:57, p < 0:001; respectively (Fs < 2, ps > 0:10 for the other three bins). Thus, FTP has no reliable effect on FirstF beyond eight character spaces before the space before the target word. Fig. 3 displays the mean first fixation durations for the high-and low-predictability cases (operationalised using the upper and lower quartiles of the data for each launch distance bin), for words of length four-seven letters. From the plots, it is apparent that mean first fixation duration for the high-FTP cases is generally shorter than for the low-FTP words. 4 There is a trend for the size of the FTP effect to decrease as launch distance increases. These findings suggest that some visual information about the identity of word n is required in order for the transitional probability effect to be manifested. Predictions about the identity of n given that n À 1 is currently fixated may need to be corroborated by partial visual information, such as the identity of the first few letters of n.
4 It should be noted that the data points in Fig. 3 are the mean FirstF values for the extreme FTP quartiles; frequency remains a confounding variable. 
Gaze duration
The analysis procedure was identical to that for FirstF. Subjects, word length and launch distance explained a total of 14.7% of Gaze variance. In a simultaneous multiple regression additionally including frequency and FTP, both variables were significant predictors of Gaze: b ¼ À0:139, F ð1; 22Þ ¼ 74:75, p < 0:001; b ¼ À0:045, F ð1; 22Þ ¼ 9:31, p < 0:01, respectively. In contrast to the FirstF results, frequency had the stronger linear relationship with Gaze when FTP was also present in the equation. Gaze duration increased 5.05 ms for every log unit decrement of frequency, and increased 1.48 ms for every log unit decrement of FTP.
We also compared the predictive power of frequency and FTP with respect to the fixation duration of words receiving a single fixation (SingleF), which paralleled the FirstF results. Subjects, word length and launch distance explained 15.7% of SingleF variation. A simultaneous multiple regression adding frequency and FTP to these three variables indicated that both frequency and FTP were significant independent predictors of SingleF: b ¼ À0:084, F ð1; 22Þ ¼ 25:79, p < 0:001; b ¼ À0:075, F ð1; 22Þ ¼ 28:84, p < 0:001, respectively. When a single fixation is made on a word, the time the eyes spend on that word decreases as the forward transitional probability increases.
Skipping rate
Brysbaert and Vitu (1998) conducted a meta-analysis of a number of studies manuipulating the degree to which a word was constrained by context, and arrive at an estimate of 11% of skipping rate variance explained by this factor. Furthermore, they note that although most of the skipping variance can simply be accounted for by word length, there is also an independent effect of launch distance. This launch distance effect was also apparent in our dataset; Fig. 4 displays the mean skipping rate as a function of launch distance for 4-, 5-, 6-, 7-and 8-letter words. We tested the hypothesis that an Launch distance (character spaces) independent portion of skipping rate variance may be explained by transitional probability. Whether or not a word skipped is a binary variable; linear logistic regression analyses were therefore appropriate in order to determine the influence of FTP on SkipP. As done in the FirstF and Gaze duration analyses, subjects, word length and launch distance were entered first into the regression. These three factors explained a moderate amount of the SkipP variance (R 2 ¼ 0:39; Cox & Snell, 1981) , with a classification accuracy of 80.2%. Adding frequency and FTP to the regression indicated that both variables were significant independent predictors: B ¼ 0:171, Wald ¼ 230.71, p < 0:001; B ¼ 0:034, Wald ¼ 13.60, p < 0:001, respectively, and adding either separately to the regression containing the other four variables resulted in significant improvements in model fit: v 2 ¼ 534:75, p < 0:001; v 2 ¼ 13:53, p < 0:001, respectively. However, the addition of FTP did not improve the overall classification accuracy (the percentage of skipped/not skipped cases correctly predicted by the equation) of the regression model over the performance of the model including frequency (80.4%). Although the addition of FTP was a statistically significant addition to the regression equation, the practical significance of its addition was negligible: no more cases were correctly classified. A wordÕs predictability from the preceding word did not explain word skipping above and beyond the effect of its frequency of occurrence.
We next examined the potential role of visual influences on skipping probability, by partitioning the data according to launch distance to the target word. A difference in skipping rate between high-and low-FTP words, once word length and frequency are held constant, may become apparent for close launch sites only, if visual information about the target word is also necessary for a skipping decision to be made. Rayner, Sereno, and Raney (1996) found that the effect of frequency on skip rate was mediated by launch distance; they report a frequency effect for launch sites up to and including three character spaces before the target word only. Our finding of a negligible overall effect of predictability on skipping rate in the regression analysis may be due to the collapsing together of cases where parafoveal information about word n þ 1 was readily available with cases where it was not.
We partitioned the eye movement data into seven launch distance bins ranging from [2,1] to [13+], and conducted separate logistic regression analyses for each bin, first removing variance from SkipP that was attributable to subjects, word length, and frequency. Consistent with the analysis of the non-partitioned dataset, there were no appreciable FTP effects. In contrast to the results of the FirstF analyses, there was no interaction between FTP and launch distance on the probability of skipping. The biggest improvement in model fit was observed for the [6, 5] bin (v 2 ¼ 7:65, p < 0:01); however, the addition of FTP to the regression model resulted in the correct classification of only 12 more cases. We conclude that the failure of FTP to explain an appreciable amount of SkipP variance in the overall regression analysis was not due to the collapsing together of cases where parafoveal visual information about the target word was available with cases where it was not.
To summarise the forward transitional probability findings: all three fixation duration measures tested were influenced by FTP; fixations on words that were predictable from the immediately preceding word (possessing high-FTP values) were shorter than fixations on less-predictable words (possessing low-FTP values), controlling for potentially confounding factors. The likelihood of skipping a given word was not influenced by FTP once other factors such as word frequency were statistically controlled.
Backward transitional probability P ðnjn þ 1Þ
As mentioned above, the backward transitional probability (BTP) has been shown to be a significant predictor of certain phonological characteristics of language production such as duration and vowel reduction. Based on Jurafsky et al.Õs (2001) findings, we tested the hypothesis that the predictability of the current word given the following word would influence the eye movement behaviour associated with the current word. To illustrate, we predicted that the first fixation and gaze duration on a word such as last when followed by year (a high-backward transitional probability of 0.1416) would be shorter than when last is followed by picture (which has a low-backward transitional probability of 0.0010).
Using the BNC and the same methods employed for the forward transitional probability (see above), we computed the smoothed conditional probabilities for each word in the corpus, given the next word. The frequency histogram of the BTP values for all word pairs in the 2262 word corpus is displayed in Fig. 2 . Log-transformed backward transitional probability values for our dataset ranged from )16.65 to )0.02 (M ¼ À5:59, SD ¼ 3:25). The forward and backward transitional probabilities in the dataset were highly correlated: PearsonÕs r was 0.719. This correlation likely arises from the fact that word pairs are often equally mutually predictable (e.g., compound nouns such as shopping mall). Word frequency and backward transitional probability were also highly intercorrelated: r ¼ 0:805. Because of these strong intercorrelations, these three variables would compete for variance in a multiple regression analysis. We therefore decided to control for the confounding effects of FTP and frequency by drastically reducing FTP and frequency variability in the dataset. First, for each of five word lengths (3-7 letters), we truncated the FTP range by retaining only those cases that fell inside the mean FTP value plus or minus 0.5 standard deviations. This step excluded 62.2% of the cases (aggregating the data for all five word lengths), retaining those cases occupying the centre of the distribution. Second, we restricted the word frequency range of the remaining data, by excluding those cases outside of the mean frequency value, plus or minus one standard deviation, which retained 67.5% of the data (25.5% of the original data for these five word lengths). Finally, of the remaining data we designated the upper quartile of the BTP range as the ÔhighÕ predictability condition, and the lower quartile as the ÔlowÕ condition, and computed the appropriate eye movement variables for both partitions. Table 1 displays the sample sizes, means and standard deviations of the FTP and frequency variables for this restricted dataset.
First fixation duration
The duration of first fixations on the target word was reliably influenced by the transitional probability of word n given word n þ 1. Fig. 5 displays the mean FirstF values for the upper and lower quartiles of the data, for each word length examined. The mean duration of initial fixations made to words with a high-BTP value was shorter than the durations of fixations made to words with a low-BTP value (238 and 253 ms, respectively, averaged over the mean value for each word length). This difference was apparent for all word lengths for which sufficient data were available. The BTP effect was also statistically reliable: a two-way analysis of variance, with subjects as a random factor and BTP and word length as independent variables, indicated a significant main effect of BTP only: F ð1; 22Þ ¼ 8:29, p < 0:01; F ð4; 88Þ < 1, respectively, with no interaction: F ð4; 88Þ < 1.
As reported above, the FTP effect is modulated by launch distance: the further away the previous fixation from the target word, the smaller the predictability advantage. We proposed an explanation based on the availability of parafoveal preview. If fixation durations are also influenced by the predictability of the current word given the next word, then it seems possible that this effect will be similarly mediated by the visibility of the conditioning word (n þ 1). However, in this case it is not parafoveally previewed letter information about word n that is relevant, but instead the visibility of word n þ 1 during the current fixation on word n. Therefore, rather than see an interaction between BTP and the launch distance to word n, we should observe an interaction with the distance between the fixation position on n and the beginning of word n þ 1 (i.e., the eccentricity of n þ 1). The predictability advantage should be larger the more of n þ 1 that is visible from the current fixation location on n. Because of insufficient data, it was not possible to do this analysis separately for each word length; Instead, we pooled the data for words of length 3-7. Fig. 6 plots the mean first fixation durations for the high-and low-BTP conditions (the fourth and first quartiles of the truncated dataset, determined separately for each word length) as a function of eccentricity. For instance, if the fourth letter of a 5-letter target word was fixated, the eccentricity of word n þ 1 is three character spaces. A clear relationship between the size of the BTP effect and the eccentricity of the conditioning word (n þ 1) is evident. There is no difference between the high-and low-predictability conditions beyond a distance of four characters before the first letter of n þ 1. This observation was confirmed by separate t-tests conducted for each eccentricity. The difference between the high-and low-BTP condition was statistically reliable for eccentricities of 3 and 4 only: tð22Þ ¼ 3:16, p < 0:005; tð22Þ ¼ 3:74, p < 0:001, respectively. To verify that the data representing each eccentricity value were evenly distributed over the high-and low-BTP conditions (i.e., to check that the words occupying a particular eccentricity/BTP quartile cell did not differ markedly in frequency or FTP from the other BTP condition for the same eccentricity), we computed mean FTP and frequency values for each combination. Table  2 displays the sample sizes and mean frequency and FTP values for the cases associated with each eccentricity. Although there was virtually no difference in mean FTP values between the two BTP conditions (mean difference ¼ 0.09), mean log word frequency was slightly higher on average in the high-BTP condition compared with the low-BTP position (mean difference ¼ 0.49 log units). It is very unlikely that this small frequency difference was responsible for the large observed difference in FirstF. The regression equation derived from the model including subjects, word length, launch distance and frequency indicated a predicted increase in FirstF duration of 3.3 ms for every log unit decrease in frequency. As the largest difference in mean log frequency indicated in Table 2 was only 0.78 (when eccentricity ¼ 6 character spaces), this frequency difference would account for at most 2.6 ms of the BTP effect.
Gaze duration
The results of comparable analyses of the Gaze values for the restricted dataset were very similar to the results of the FirstF analyses reported above. Fig. 7 displays the mean gaze duration for the 3-7-letter words for the two BTP conditions. From Fig. 7 , it is apparent that for all five word lengths, words that were more predictable given the immediately following word had shorter gaze 
Mean initial fixation duration (msec)
Eccentricity of word n+1 (character spaces) Fig. 6 . Mean first fixation duration as a function of the eccentricity of word n þ 1 (collapsing together the data for 4-7 letter words) and backward transitional probability (low and high, operationalised as the first and fourth quartiles of the data for each eccentricity). Table 2 Descriptive statistics for the restricted dataset (aggregating words of length 3-7) used to examine the influence of the eccentricity of the conditioning word (n þ 1) on the BTP effect Note: SE ¼ standard error; FirstF ¼ first fixation duration; BTP ¼ backward transitional probability; FTP ¼ forward transitional probability, in natural log units. n is the number of cases from which each mean value is computed. Eccentricity values represent the number of character spaces between the current fixation location and the beginning of word n þ 1. The low-and high-BTP conditions correspond to the first and fourth quartiles of the available data for each word length.
durations than words that had low-BTP values (250 and 271 ms, respectively, averaged over the mean value for each word length). A two-way ANOVA confirmed the statistical significance of the BTP effect: F ð1; 22Þ ¼ 11:49, p < 0:01. There was no effect of word length: F ð4; 88Þ ¼ 1:03, p ¼ 0:396, nor an interaction: F < 1.
Skipping rate
Because the FTP and frequency range constraints were derived from the dataset containing only fixated words, we used the same procedure as described above to create a new truncated dataset containing both fixated and skipped cases. After range restrictions were applied, 25.7% of the cases were retained for analysis. A two-way ANOVA indicated that the probability of skipping a given word was not reliably influenced by its backward transitional probability: F ð1; 22Þ ¼ 1:08, p ¼ 0:31. Word length, as expected was a highly significant factor: F ð4; 88Þ ¼ 97:48, p < 0:001; there was also a reliable BTP Â word length interaction: F ð4; 88Þ ¼ 9:168, p < 0:001. Separate ANOVAs of the data for each word length indicated that the interaction was due to the presence of the anticipated higher skipping rate for the high-BTP condition for the 3-and 6-letter words (ps < 0:05), null effects for the 5-and 7-letter words, and a higher skipping rate for the low-BTP condition for the 4-letter words (p < 0:001).
Reconciling influences of forward and backward transitional probability
Although we have taken care to eliminate FTP as a confounding variable in the BTP analyses, in order to show that BTP differences are independently predictive of fixation duration differences, the possibility remains that the FTP effects we have reported for the FirstF, SingleF and Gaze dependent variables were in fact due to a BTP confound. In order to address this issue, we restricted the BTP and frequency ranges of the FirstF data for words of lengths 3-7 using exactly the same methods as we used to test for a BTP effect. After truncation, 23.3% of the original data remained for analysis. If BTP was a confounding variable in the FTP regression results, then we should observe no significant difference in first fixation durations between high-FTP and low-FTP cases. The mean FirstF values for the extreme quartiles of the data for each word length are plotted in Fig. 8 . An ANOVA including FTP and word length as independent variables confirmed significant main effects of both FTP and word length: F ð1; 22Þ ¼ 8:14, p < 0:01; F ð1; 22Þ ¼ 3:41, p < 0:05, respectively, with a marginally significant FTP Â WL interaction: F ð1; 22Þ ¼ 2:05, p ¼ 0:096. The mean effect size was 15 ms (estimated by averaging the differences in mean FirstF for each word length), which was identical to the effect size observed in the BTP analysis.
Function and content words
Within the lexicon a broad distinction can be drawn between content and function words. ÔContentÕ (or openclass) words are members of those grammatical categories to which new words can easily be added: the nouns, verbs, adjectives and adverbs. ÔFunctionÕ or closed-class words, are much less amenable to new members. In English at least, function words are gen- erally more predictable from their immediately preceding context than are content words, in part due to the prevalence of phrasal and particle verbs, e.g., rely on, pick up, preside over. This is true of our newspaper corpus; the function words had a higher mean forward transitional probability than the content words (M ¼ À3:86, SD ¼ 1:88; M ¼ À8:24, SD ¼ 2:96, respectively). The function words in our corpus were also more predictable from their immediately following context than were content words; the mean backward transitional probability for the function words was )3.71 ( Because the number of function and content items was not distributed evenly over the different word lengths in the restricted dataset, it was only feasible to compare the influence of BTP on function and content fixation durations for the 4-letter words (the other four word lengths had distributions that were heavily skewed towards one of the classes, leaving insufficient cases to conduct analyses of both classes). An ANOVA incorporating word class and BTP as factors did not indicate main effects of either word class: F ð1; 22Þ ¼ 1:58, p ¼ 0:222 or BTP: F ð1; 22Þ < 1, or an interaction: F < 1.
Initial landing position
The location of the first fixation made on a word (or landing position, LandPos) is largely a function of lowlevel oculomotor factors: the wordÕs length and launch distance (e.g., McConkie, Kerr, Reddix, & Zola, 1988; Radach & McConkie, 1998) . Whether predictability can influence initial landing position is controversial, with one study finding an effect (Lavigne et al., 2000) that other researchers (Calvo & Meseguer, 2002; Rayner et al., 2001; Vonk, Radach, & van Rijn, 2000) have failed to observe. Lavigne et al. (2000) found that the initial landing position in high-frequency words, for near-launch distances of less than 5-7 character spaces, was further rightward when context made the target word predictable than when the context was neutral. We tested the hypothesis that transitional probability would also influence LandPos, predicting that words with high P ðnjn À 1Þ values would be fixated further rightwards, consistent with Lavigne et al.Õs findings.
As word length and launch distance are the two principle determinants of initial fixation position, we first partitioned the dataset according to these factors, and then plotted mean LandPos as a function of forward transitional probability and launch distance (see Fig. 9 ), for 4-, 5-, 6-and 7-letter words. High-and low-FTP conditions corresponded to the extreme quartiles of the distribution for each launch distance bin.
5 From Fig. 9 , a small effect of FTP (on the order of $0.15 of a letter space) is apparent for the 4-, 5-and 7-letter words, which does not appear to be restricted to a specific portion of the launch distance range. In order to confirm the presence of a FTP influence on LandPos, we conducted a three-way analysis of variance (predictability Â launch distance Â word length), including subjects as a random variable. In the cases where no data were available for one or more participants in a particular condition, the mean LandPos value for that condition contributed by the remaining participants was used. Replacement of missing data points was required for 1.8%, 2.2%, 2.5%, and 1.4% of the cells for the 4-, 5-, 6-and 7-letter words, respectively. The ANOVA revealed a reliable influence of FTP on LandPos: F ð1; 22Þ ¼ 11:564, p < 0:01. As expected, there were also significant effects of both launch distance and word length: F ð5; 110Þ ¼ 184:31, p < 0:001; F ð3; 66Þ ¼ 46:59, p < 0:001, respectively. There were no reliable interactions between FTP and either launch distance or word length. We next conducted separate two-way ANOVAs on the data for each of the four word lengths. The separate ANOVA results indicated marginally significant 5 We are confident that we do not need to control for frequency (e.g., by restricting the range of the data) for this analysis as neither nor Lavigne et al. (2000) nor Calvo and Meseguer (2002) found any influence of frequency on initial landing position. main effects of FTP for the 4-and 5-letter words: F ð1; 22Þ ¼ 3:95, p ¼ 0:059; F ð1; 22Þ ¼ 3:98, p ¼ 0:064; respectively, but not for the 6-and 7-letter words (ps > 0:15).
We next tested for a corresponding effect of backward transitional probability on LandPos, for the same four word lengths. As done for the fixation time analyses, we first restricted the FTP range of the data for each word length, collapsing over all launch distance. This restriction retained 39.1% of the original data (pooling the data for all four word length). Fig. 10 displays the mean initial landing positions for the extreme BTP quartiles. In contrast to the FTP results, there was no consistent BTP effect. Only the 6-letter words showed an influence: mean LandPos was further rightwards when the word was highly predictable given the subsequent context than when unpredictable: F ð1; 22Þ ¼ 55:51, p < 0:001. This difference was about 0.9 letters. However, for this word length the mean launch distance for the low-BTP condition was $0.8 character spaces closer than the launch distance for the low-BTP condition. Given that mean LandPos moves leftward $0.5 characters for every one-character increase in launch distance (McConkie et al., 1988; Radach & McConkie, 1998) , this difference could explain less than half of the obtained BTP effect size. Rayner et al. (2001) propose that the LandPos effect observed by Lavigne et al. (2000) was the result of intended skips of the target word falling short and landing on the last letter of the intended-to-be-skipped word. This suggestion is confirmed by their own data, which show an equal number of fixations on the last letter for both their high-and low-predictability conditions (see Rayner et al., 2001 , Fig. 7) . Hence, an influence of predictability on LandPos may be due to proportionally more fixations landing on the final one or two letters of predictable target words than would otherwise be expected. This explanation was not supported by our data, however. Fig. 11 displays the proportion of fixations landing on each of the possible fixation positions for the 5-and 6-letter words in our dataset, as a function of FTP. There is no indication that the rightward shift of the mean LandPos is due solely to a disproportionate number of high-FTP fixations landing on the final letter(s) of the target word. Thus, intended skips of word n þ 1 falling short of the intended target (n þ 2) is not a viable explanation of the FTP effect.
Discussion
The analyses presented here have shown that the transitional probabilities between two words, as computed from a large text corpus, influence several eye movement measures. Transitional probability was a significant predictor of the ÔearlyÕ processing measures FirstF and SingleF, as well as the ÔmidÕ measure Gaze. Both the forward and the backward transitional probability were unique predictors of first fixation and gaze durations. Our results have confirmed the existence of a new source of statistical information that we have shown to affect eye movement behaviour during reading.
The proportion of FirstF and Gaze variance explained by either transitional probability measure was small, though statistically reliable. The regression equation fit to the FirstF data indicated a decrease of 1.9 ms for every log unit of FTP; this result is in line with the 11 ms FTP effect obtained by McDonald and Shillcock (in press) using tightly controlled sentence stimuli, where the high-and low-predictability conditions differed by an average of 3.5 log units of FTP. Note that the average FTP and BTP effects of 15 ms that we obtained when controlling the other variable represent conservative estimates of effect size. Truncating the dataset to reduce the variability of potentially confounding variables meant that the range of the variable of interest was reduced compared with its range in the original dataset.
The presence of an influence of the backward transitional probability on fixation duration seems, at first, surprising. Because FTP was controlled by severely truncating its range, this BTP effect is independent from the influence of FTP on fixation duration. This result adds to the accumulating evidence for parafoveal-onfoveal effects (e.g., Inhoff, Radach, Starr, & Greenberg, 2000; Kennedy, 2000) , but differs slightly from previous findings in that it is not the properties of the subsequent (parafoveal) word that influence the processing of the current (foveal) word, but rather it is the predictability of the current word from the subsequent word that is relevant. The fact that BTP affects the duration of the Initial landing position (letters) Fig. 11 . Proportion of fixations landing on the different letter positions of the 5-letter words in the dataset, as a function of forward transitional probability (low and high, corresponding to the extreme quartiles).
first fixation made on a word strongly suggests that at least partial encoding of the parafoveal word occurs in parallel.
One important finding was that the influence of the forward transitional probability on first fixation duration was contingent on the availability of parafoveal information about the target word from the previous fixation location. The distance between the launch site and the first letter of the target word modulated the presence of the FTP effect, with the advantage for morepredictable words disappearing for far launch distance. At launch distance beyond roughly nine characters before the target word, the FTP effect disappeared. The same result was observed for the presence of the backward transitional probability effect, which also exhibited dependence on the eccentricity of the conditioning word n þ 1. When the position of the fixation on word n was more than four characters in front of n þ 1, the BTP effect disappeared.
One explanation of these findings rests on visibility: parafoveal preview of the target noun is more viable the closer the previous fixation. Studies of eye movement behaviour when no preview is available (Balota et al., 1985; Inhoff & Rayner, 1986) have shown that parafoveal preview increases the efficiency of lexical processing. It appears that partial parafoveal visual information is required in order to corroborate statistical predictions about the identity of the target noun in order to facilitate lexical processing. It is interesting that the FTP effect was maintained at launch distances as far as 10 characters. From this distance, it is very unlikely that actual letters in the target word could be discerned (Underwood & McConkie, 1985) ; the only information available to corroborate predictions would be low-spatial frequency information such as word length. Further work is necessary to determine the relative importance of letter and length information.
Our results suggest that it is primarily the when, not the where of eye movement control that is influenced by low-level predictability. The failure of either transitional probability measure to explain an appreciable amount of SkipP variance, even when the dataset was partitioned according to the visibility of the target word (for the FTP analyses) or the conditioning word (for the BTP analyses), indicates that the selection of the target for the next saccade may be only minimally sensitive to this information. However, numerous studies have shown that skipping rate is influenced by predictability: highly constrained words (as determined by the Cloze task) are more likely to be skipped than less constrained words (e.g., Balota et al., 1985; Ehrlich & Rayner, 1981; Rayner & Well, 1996) . Predictability as measured by Cloze procedure, as we have already mentioned, reflects highlevel conceptual knowledge. This SkipP effect is conceivably the result of top-down processing: the next word is narrowed down sufficiently by the previous context that no direct fixation is deemed necessary. In contrast, Ôlow-levelÕ predictability as measured by transitional probability may represent a form of bottom-up processing. As we have seen from the launch distancepartitioned analyses, at least partial parafoveal preview of the target word appears to be necessary in order to observe a facilitatory effect of a high-FTP on first fixation duration.
We found no word class differences with respect to the ability of the two transitional probability measures to predict any of the dependent variables. Fixation times on function and content words were explained equally well, even though function words are intrinsically more predictable. This result is consistent with a reading study by Schmauder, Morris, and Poynor (2000) . Using matched sets of function and content words, Schmauder et al. found equivalent word frequency effects for both classes with first fixation duration and skipping rate as dependent variables; no interactions with word class were observed.
Finally, our analyses have shown a small, though consistent influence of FTP on the initial landing position measure, thus suggesting that saccade planning is also subject to influences from low-level predictability. This effect was not observed in the data for 6-letter words, but was on the order of 0.15 letter spaces for 4-, 5-and 7-letter words. Although saccade target selection was not appreciably influenced by FTP beyond the influences of word length, launch distance, and word frequency (there was no improvement in skipped/notskipped classification accuracy), the mean landing position was further rightward when the target word n was predictable given n À 1 than when not. Modulation of the initial fixation position was only affected by the forward transitional probability; the backward measure had no consistent influence on LandPos.
Implications for models of eye movement control
Is the influence of transitional probability compatible with recently proposed models of eye movement control? We briefly consider how FTP and BTP could be integrated into the most recent version of the EZ-Reader model (Reichle, Rayner, & Pollatsek, 2003 ) and the SWIFT model (Engbert, Longtin, & Kliegl, 2002) . In both models, the Ôhigh-levelÕ notion of predictability is recognised for its influence on eye movements, and the behavioural consequences of predictability differences are implemented by increasing the time required for lexical processing as a linear function of (Cloze) predictability.
EZ-Reader 7 (Reichle et al., 2003) assumes that lexical processing occurs in two stages. The first stage (termed Ôfamiliarity checkÕ in earlier versions of the model) corresponds to identification of a wordÕs orthographic form, and the second stage corresponds to lex-ical access. The time required to complete the first stage is a linear function of word frequency and high-level predictability. The time to complete stage 2 is also determined by frequency and predictability, with more weight attributed to predictability than in stage 1. If we assume that transitional probability can influence the first stage of lexical processing only, then a reasonable modification to try is to replace the predictability term in the stage 1 lexical processing equation with transitional probability, or to replace both frequency and predictability with a composite variable that estimates a wordÕs probability of occurrence, integrating transitional probability with frequency in a principled way (see McDonald & Shillcock, in press) .
A fundamental feature of the SWIFT model (Engbert et al., 2002) is its functional separation between saccade timing and saccade target selection. In order to extend this model to explain our findings, we might assume that transitional probability influences early processing stages; adjusting the parameters of the lexical processing function that determines when the next saccade is launched. Only high-level predictability is capable of affecting target selection; this distinction in locus between the two types of predictability would account for the observed null effect of transitional probability on skipping rate. 6 Our findings that BTP influenced the fixation duration on word n, and the interaction of the BTP effect with eccentricity of n þ 1, pose difficulties for the sequential attention allocation assumption of EZ-Reader. In contrast, SWIFT assumes a spatial distribution of atttention, and thus parallel lexical processing of nonfixated words. It is reasonable to suppose that attention cannot be restricted to the foveal word if the statistical dependence between this word and the subsequent word influences fixation time on the currently fixated word.
Explaining the effects
We have presented the implications of transitional probability statistics on eye fixation behaviour without considering how the language processor would acquire such statistical information. We propose that exposure to written (and spoken) language is sufficient for compiling the necessary contingency statistics. The vast amount of language that one encounters represents a rich source of statistical knowledge, of which word-toword contingencies are a straightforward example. Experience with reading, then, represents a form of distributional learning: because words do not occur in isolation--rather, they are encountered as part of syntactically coherent and semantically meaningful sequences--assimilating a new word into oneÕs mental lexicon may also involve encoding its surrounding context. A distributional learning mechanism has already been put forward to explain how infants learn to segment the speech stream into words (Saffran et al., 1996) , and a similar experience-based mechanism must underlie the acquisition of word frequency knowledge. Knowledge of the statistical likelihoods of linguistic entities occuring in context (word n occurring after word n À 1, and word n occurring before word n þ 1) could be obtained using similar mechanisms that are deployed for acquiring probabilistic knowledge about particular events in the world occurring, given a conditioning event. To use a simple example, oneÕs subjective probabilities of hearing thunder and seeing lightning increase given the presence of black clouds in the sky.
In order to assess the appropriateness of the noun mice as the object of a given verb, such as train, it is clear that oneÕs experience with mice in the world and their ability to be trained would aid the interpretation of a sentence such as ÔThe child trained mice to jump at the sound of a bellÕ. But no such Ôworld knowledgeÕ is required for access to information about contingencies between the words referring to the entity and the action. Thus, effective comprehension could, at least part of the time, arise from sources that do not require high-level cognitive processing (cf. Fodor, 1983, p. 80) . The prediction of upcoming words using lexical statistical information is a computationally inexpensive mechanism that may contribute to proficient reading.
While this explanation of role of transitional probabilities in reading is compelling, from the current study, it is not clear that predictability as measured using corpus statistical information is sufficient for influencing eye movements. In other words, the correlational design we have used cannot disconfound the high-level notion of predictability from the low-level transitional probability. It will certainly be true that many cases with highforward ransitional probabilities would also have highCloze values; subjects provided with the context prior to the target word may be able to supply the correct word on the basis of an integrated meaning representation of the context, not only from P ðnjn À 1Þ. In other words, could high-level predictive processes explain our results? We think this is unlikely, for two reasons. First, theories of contextual integration would not predict the early effects we observed for the backward transitional probability measure, which appear to depend on at least partial identification of the following word. Second, in a related study (McDonald & Shillcock, in press) we tested pairs of nouns embedded in tightly controlled sentence contexts. These noun pairs were chosen to differ in FTP value but only minimally in Cloze value. The first fixation effect we obtained could not easily be explained by differences in high-level predictability.
In summary, we have provided evidence that the reading of a given word is influenced by predictability in the form of contingency statistics involving both the previous and subsequent context. Eye movement behaviour, namely the first fixation and gaze duration of the target word, was affected by both the forward and backward transitional probability measures. Fixation durations were shorter when the word was predictable than when not, and this effect was independent of other factors such as length, launch distance and frequency. Initial fixation position was also affected by the forward measure, but to a much smaller extent; word skipping was only appreciably influenced by the backward measure. Our findings are consistent with models of eye movement control that postulate distinct when and where mechanisms: our results demonstrate that transitional probability primarily influences the when of eye movement control.
